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Distribution, Origin, and 
Resource-Management Implications of 
Ground-Water Salinity along the 
Western Margin of the 
Chesapeake Bay Impact Structure in 
Eastern Virginia 

By E. Randolph McFarland1 and T. Scott Bruce2 
Abstract 

Stratified unconsolidated sediments that compose a 
regionally extensive system of aquifers and confining units 
beneath the Virginia Coastal Plain contain saltwater approxi
mately 50 kilometers (30 miles) landward of its normally 
expected position along the coast. Part of the Chesapeake Bay 
impact structure (formed by the collision of a large asteroid or 
comet) underlies the Virginia Coastal Plain. The impact 
severely disrupted preexisting sediments, and its effects are still 
influencing the regional ground-water flow. Geologic and 
hydrologic evidence indicates that the impact structure contains 
seawater emplaced during a regional inundation approximately 
2 million years ago, along with much older seawater and evap
orative brine emplaced potentially as far back as the impact 
event 35 million years ago. 

With emergence of the coastal plain and resumption of 
ground-water recharge during the past 2 million years, fresh
water flushing displaced residual seawater across the region but 
was impeded across the impact structure by the clayey Chicka
hominy Formation. Flushing took place laterally along the cra
ter outer margin through underlying crater-fill sediments, fol
lowed by upward leakage and surface discharge to areas outside 
of the crater. Saltwater within the impact structure maintained 
its present position even as flushing outside of the impact struc
ture extended in places nearly to the edge of the continental 
shelf during the Pleistocene glacial maximum of 18,000 years

 1U.S. Geological Survey, Richmond, VA  23228.
 2Virginia Department of Environmental Quality, P.O. Box 10009, 

Richmond, VA 23240. 

ago. Sea level has since risen to its present position, and the 
residual seawater has merged with the modern ocean along an 
inverted and unstable transition zone along the western margin 
of the impact structure that separates fresh ground water to the 
west from saltwater to the east. 

During the past century, hydraulic gradients have been 
greatly increased and flow has been redirected landward across 
regional cones of depression centered on industrial pumping 
centers located outside of the impact structure. Saltwater intru
sion across regional distances from the impact structure has not 
taken place, however, because most of the ground water now 
present was emplaced prior to the onset of heavy pumping. 
Because saltwater within the impact structure maintained its 
present position for millennia during freshwater flushing prior 
to pumping, a potentially very long timeframe could be required 
for regional saltwater intrusion to occur even under present gra
dients. 

In contrast, localized saltwater movement along the west
ern margin of the impact structure is possible across relatively 
short distances because of municipal withdrawals being made 
from within the saltwater transition zone. Major increases in 
withdrawal and desalinization of brackish ground water from 
the transition zone are being projected to address rapidly grow
ing demands for public supplies during the coming several 
decades. Water-supply planning is challenged, however, by 
future increases in ground-water salinity that are difficult to 
estimate because of complex hydrogeologic controls and with
drawal-induced effects within the transition zone. A detailed 
local-scale characterization of hydrologic conditions along the 
western margin will be critical to assessment of the potential for 
saltwater movement. 



K2 Studies of the Chesapeake Bay Impact Structure—The USGS-NASA Langley Corehole, Hampton, Va. 
Introduction 

Part of the Chesapeake Bay impact structure underlies the 
coastal plain of eastern Virginia (fig. K1). The structure was 
produced approximately 35 million years ago by the collision of 
a large asteroid or comet (Powars and Bruce, 1999). The area 
that became eastern Virginia was covered by the Atlantic Ocean 
at the time of impact. The discovery of the buried structure in 
the 1990s has led to a new understanding of regional ground
water flow. 

Coastal plain aquifers are a heavily used water resource in 
Virginia (Hammond and Focazio, 1995). Large and increasing 
withdrawals have resulted in significant and continuing water-
level declines (Hammond and others, 1994a,b,c) and have 
altered ground-water flow directions to create the potential for 
saltwater intrusion. In order to characterize and understand the 
hydrologic function of the aquifer system, a regional-scale 
hydrogeologic framework (Meng and Harsh, 1988) and ground
water flow model (Harsh and Laczniak, 1990) of the Virginia 
Coastal Plain were developed by U.S. Geological Survey 
(USGS) scientists during the early 1980s under the Regional 
Aquifer-System Analysis (RASA) Program. The framework 
and model were adopted by the Virginia Department of Envi
ronmental Quality (VDEQ) as a means to organize ground
water information and to evaluate the potential effects of pro
posed and existing withdrawals on ground-water levels and 
flows (McFarland, 1998). 

In the RASA model, the Virginia Coastal Plain was 
depicted as a seaward-dipping and seaward-thickening, strati
fied sequence of unconsolidated sediments that made up a 
regionally extensive, vertically layered system of aquifers and 
confining units (fig. K2). The old model was based on the fol
lowing ideas: (1) The unconfined aquifer at the land surface was 
recharged by infiltration of rainwater, some of which leaked 
downward through underlying confining units to recharge 
deeper confined aquifers. (2) Water flowed laterally through the 
aquifers toward the coast. (3) Upon encountering more dense 
saltwater, flow was diverted back to the surface as upward leak
age and was discharged to Chesapeake Bay and the Atlantic 
Ocean. 

Ground-water management efforts need to keep pace with 
changing demands on the resource and with current knowledge 
of the aquifer system. The amounts and locations of ground
water withdrawals have changed from those that were incorpo
rated in the RASA model. In addition, recent efforts to further 
characterize the aquifer system have identified significant fea
tures that are not adequately represented in the original frame
work and model. Among these, the Chesapeake Bay impact 
structure requires changes to previous conceptualizations of the 
aquifer system as having a relatively simple layered configura
tion. The preexisting composition and structure of sediments 
within the impact area are now known to have been severely 
disrupted by the force of the collision, resulting in a complex 

stratigraphic and structural configuration. Strata affected by the 
impact were partly to entirely truncated across a crater and 
replaced by a chaotic mix of crater-fill sediments. The configu
ration of the outer regions of the impact structure is theorized to 
be controlled by a complex array of faults. 

USGS and VDEQ scientists are investigating the Chesa
peake Bay impact event and its effects on the geologic history 
of the region. Concomitantly, USGS and VDEQ researchers are 
analyzing geologic, hydrologic, and geophysical data to revise 
the hydrogeologic framework of the Virginia Coastal Plain, 
including the impact structure. In addition, a comprehensive 
assessment is being made of the quantities and distribution of 
ground-water withdrawals. All of these components are 
planned to contribute to an in-depth analysis and revision of the 
ground-water flow model. 

In addition to the above studies, research is being done to 
obtain a better understanding of the processes affecting the dis
tribution of saltwater within the aquifers. Parts of some aquifers 
across eastern Virginia have been known for many decades to 
contain saltwater approximately 50 kilometers (30 miles) land
ward of its expected position along the coast (Sanford, 1913; 
see fig. K1 of this chapter). The zone of saltwater is termed the 
“inland saltwater wedge”; it predates large ground-water with
drawals and was formed under unstressed conditions. Although 
localized increases in chloride concentration of several percent
age points have been observed at various times during the his
tory of ground-water development (Smith, 1999), regional salt
water intrusion has not taken place despite stress-induced 
water-level declines and altered flow directions. The western 
margin of the saltwater wedge is now recognized to coincide 
with the western margin of the Chesapeake Bay impact struc
ture (Powars and Bruce, 1999). Thus, the impact structure has 
been inferred to play some role in the origin of the saltwater 
wedge and in controlling its response to pumping stresses. 

Although some explanations for the presence of the salt
water wedge have been suggested both prior to (Cederstrom, 
1943) and following (Powars and Bruce, 1999) the discovery of 
the impact structure, no definitive findings have been previ
ously documented. Knowledge of processes controlling the 
salinity distribution is needed to support sound management of 
the ground-water resource. In addition to historically lowered 
water levels and altered flow directions that create the potential 
for saltwater intrusion, recent trends of increasing ground-water 
withdrawals within areas of elevated salinity (with subsequent 
desalinization treatment) pose the likelihood of additional 
effects on the salinity distribution. Hence, a clear understanding 
of the origin and emplacement of the saltwater is needed to pre
dict its future response to numerous and diverse stresses on the 
flow system. 
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Ground-Water Salinity along the Western Margin of the Chesapeake Bay Impact Structure, Eastern Virginia K5 
Purpose and Scope 

As part of studies of the geology of the Chesapeake Bay 
impact structure, continuous sediment cores were obtained at 
three locations along the western margin of the impact structure 
during 2000–2001 (fig. K1, table K1 at end of this chapter): 
USGS-NASA Langley corehole (site 59E 31), North corehole 
(site 59H 3), and Bayside coreholes 1 and 2 (sites 60G 5 and 
60G 6). In order to interpret various aspects of the impact event 
and its effects on the geologic history of the region, detailed 
analyses are being performed of the USGS-NASA Langley 
core; they focus on stratigraphy and structure (Gohn and others, 
this volume, chap. C; Poag and Norris, this volume, chap. F; 
Powars and others, this volume, chap. G), petrology (Horton 
and others, this volume, chap. B; Horton and Izett, this volume, 
chap. E), and paleontology (Frederiksen and others, this vol
ume, chap. D; Edwards and others, this volume, chap. H). In 
addition, to delineate the extent and configuration of the impact 
structure, the Langley core data are being used with borehole 
and surface geophysical data (Catchings and others, this vol
ume, chap. I; Pierce, this volume, chap. J). 

USGS and VDEQ scientists are collecting ground-water 
quality data and additional information for the area having ele
vated salinity in ground water along the western margin of the 
Chesapeake Bay impact structure in the coastal plain of eastern 
Virginia. As part of this effort, ground water was extracted from 
samples of the Langley, North, and Bayside cores and was ana
lyzed. Additional existing ground-water quality data collected 
from 19 nearby water-well sites also have been examined (table 
K1). 

This chapter, K, presents data from chemical analyses of 
ground water extracted from sediment cores and collected from 
water wells, describes the distribution of the data areally and 
with depth, and delineates the configuration of the saltwater 
transition zone. The origin of the saltwater is assessed by relat
ing possible sources of the salinity to chemical evidence. Lastly, 
ideas on the origin of the salinity are used to identify possible 
effects of present and future ground-water withdrawal on the 
salinity distribution. 

Methods 
Sediment-Core Water 

Continuous sediment cores were obtained at three loca
tions along the western margin of the Chesapeake Bay impact 
structure during 2000–2001 (fig. K1): USGS-NASA Langley, 
North, and Bayside coreholes. Hydraulic-rotary drilling with 
wire-line coring was performed to obtain cores having a nomi
nal diameter of 6.4 centimeters (cm; 2.5 inches (in.)); the cores 
provide nearly complete sediment profiles from land surface 
into underlying basement bedrock to depths of nearly 730 
meters (m; 2,400 feet (ft)). Thicknesses of overlying sediment 
of more than 700 m (2,300 ft) were penetrated and include pre-

impact formations, crater-fill sediments, and overlying postim
pact formations. 

Comprehensive sampling of 163 subsections (about 15 cm 
(6 in.) long) of sediment core was performed during drilling 
operations at all three sites to provide high-resolution detail of 
vertical changes in ground-water salinity and related chemistry. 
Sample collection and processing followed procedures devel
oped by Manheim and others (1994). Care was taken with field 
procedures to preclude conditions that could potentially alter 
the chemistry of ground water retained in the core sediment, 
including invasion of drilling mud into the sediment or evapo
ration of ground water from the sediment. 

Following retrieval of core in lengths as great as 3 m (10 ft) 
from the borehole, sample subsections were collected only from 
core that was promptly extruded from the core barrel, and any 
delayed core was left unsampled. In addition, only clearly intact 
intervals of core were selected, and any deformed or suspect 
intervals were avoided. Upon extrusion, each sample subsection 
was quickly measured and sliced from the core prior to rinsing 
the remaining core to remove drilling mud. The subsection was 
placed on a clean, dry plastic cutting board, where drilling mud 
and the outer approximately 1 cm (0.5 in.) of core sediment 
were sliced away with a clean, dry knife. The resulting inner
most diameter of the subsection was then isolated in an air-tight 
glass jar for storage and transfer from the field to the laboratory 
for further processing. 

Upon transfer from the field, each sample was initially pro
cessed by disaggregating the sediment in its glass jar to homog
enize it with the retained ground water. Ground water was then 
extracted from the sediment by using high-pressure squeezing 
techniques (Manheim and others, 1994). A portion of sediment 
was placed inside a hand-sized steel cylinder-and-piston device, 
from which the water was forced under a 12-ton hydraulic press 
into a small syringe. Typically, several milliliters of water were 
obtained by each extraction. 

All water samples were analyzed for specific conductance 
immediately upon extraction. Subsequently, selected samples 
underwent additional analysis. Concentrations of chloride in 36 
samples, bromide in 26 samples, and iodide in 27 samples from 
all three core sites were determined by colorimetry by the 
USGS National Water-Quality Laboratory (NWQL). Hydrogen 
(deuterium) and oxygen stable-isotope ratios, calculated rela
tive to Vienna Standard Mean Ocean Water (Fritz and Fontes, 
1980), in 15 samples from all three core sites were determined 
by mass spectrometry by the USGS Isotope Research Labora
tory. Isotope ratios of chlorine-36 to total chloride (36Cl/Cl) in 
12 samples from the USGS-NASA Langley core site were 
determined by accelerator mass spectrometry by the Purdue 
Rare Isotope Measurement Laboratory (PRIME Lab). 
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Well Water 

Existing ground-water quality data collected from water 
wells near the western margin of the Chesapeake Bay impact 
structure were retrieved from the USGS water-quality database 
(http://waterdata.usgs.gov/va/nwis/qw). Table K1 shows data 
for 44 samples collected at 19 water-well sites during 1967– 
2002. Multiple samples were collected from some wells by zone 
testing within the borehole during drilling. Specific conduc
tance was determined for all 44 samples, chloride concentra
tions were determined for 42 samples, bromide concentrations 
were determined for 28 samples from 13 wells, and iodide con
centrations were determined for 9 samples from 2 wells. Hydro
gen (deuterium) and oxygen stable-isotope ratios were deter
mined for samples from two wells, one of which was also 
analyzed to determine the 36Cl/Cl ratio, as described above for 
the samples of sediment-core water. 

Ground-Water Salinity 

The dissolved constituents in ground water in the area of 
the Chesapeake Bay impact structure are dominated by sodium 
cations and chloride anions (Focazio and others, 1993). Other 
constituents are present at generally much smaller concentra
tions. Chloride is the constituent of greatest concern for man
agement of the ground-water resource in the Virginia Coastal 
Plain. Water having a chloride concentration below the U.S. 
Environmental Protection Agency’s (1990) secondary maxi
mum contaminant level of 250 milligrams per liter (mg/L) is 
commonly referred to as “fresh.” Water having chloride con
centrations between those of freshwater and seawater (19,000 
mg/L according to Hem, 1985) is referred to as “brackish”; such 
brackish water is widespread in the major water-supply aquifers 
of the eastern part of the Virginia Coastal Plain. Water having a 
chloride concentration above that of seawater is called “brine.” 

Distribution 

Chemical data (table K1) were compiled on ground water 
extracted during 2000–2001 from sediment cores obtained 
along the western margin of the Chesapeake Bay impact struc
ture and on ground water collected during 1967–2002 from 
existing water wells in adjacent areas. Corehole and well-site 
locations collectively span the western and southwestern parts 
of the impact structure (fig. K1). All three core sites (site num
bers 59E 31, 59H 3, and 60G 5–6) are within the estimated 
structural boundary described as the crater’s outer margin 
(Powars and Bruce, 1999; Powars, 2000). The wells are gener
ally located near the crater’s outer margin, and most are outside 
it. Two wells (63F 52–53) are within the estimated central crater 
and are closer to the center of the impact structure than any of 

the other sites. Although well-sample collection times span 35 
years, regionally significant changes in ground-water quality 
have not been observed (Smith, 1999), and the well data gener
ally represent current conditions. 

Sediment-Core-Water and Well-Water Chemistry 

Chloride concentrations were determined for selected 
samples of water extracted from sediment cores and for all but 
two of the samples collected from wells (table K1). Specific 
conductance was measured in all samples from both cores and 
wells. Chloride concentration is strongly correlated with spe
cific conductance (correlation coefficient greater than 0.95) in 
samples for which both determinations were made, ranging 
from relatively small values through the specific conductance 
and chloride concentration of seawater of 45,000 microsiemens 
(µS), and 19,000 mg/L (Hem, 1985), respectively, and higher. 
Because the dominant constituents of the water are sodium cat
ions and chloride anions, and because specific conductance is 
related to total dissolved solids, specific conductance can pro
vide a reliable surrogate for chloride concentration in samples 
for which chloride concentration was not determined. Thus, 
trends among the much larger number of specific conductance 
values indicate similar trends among chloride concentrations 
and can provide greater detail on the spatial distribution of 
salinity than the chloride concentrations alone. 

In eastern Virginia, the specific conductance of ground 
water generally increases from the western margin of the Ches
apeake Bay impact structure toward its center (fig. K1). Spe
cific conductance also generally increases with depth (fig. K3), 
in a few instances exceeding that of seawater by as much as 35 
percent and thus indicating that the ground water is brine. Vari
ations from the generally downward increasing trend are also 
apparent, however, across some intervals at all three of the core 
sites and among the group of wells centered on northern New
port News (shown in blue in figures K1 and K3). As noted 
above, chloride concentrations likely are similarly distributed. 

Specific conductance exhibits a greater degree of small-
scale variation at the USGS-NASA Langley core site (site num
ber 59E 31) than at the other sample locations (fig. K3), possi
bly as a result of closely spaced short-interval samples. Because 
the USGS-NASA Langley core was the first for this study to be 
sampled for water extraction, the sample interval required to 
adequately characterize the salinity distribution was unknown. 
Accordingly, samples of the USGS-NASA Langley core were 
collected from almost every retrieved length of core, approxi
mately every 3 m (10 ft). On the basis of these initial results, 
more widely spaced samples from approximately every 15–30 
m (50–100 ft) were later collected from the North (59H 3) and 
Bayside (60G 5–6) cores. 

Identical sample-collection procedures were followed for 
all three cores (see “Methods”) to prevent intrusion of drilling 
fluid into the sediment and contamination of the retained 

(http://waterdata.usgs.gov/va/nwis/qw)
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ground water. The validity of the procedures is confirmed by 
the lack of bias between the specific conductance of samples 
from the USGS-NASA Langley core of fine-grained, low-per
meability sediments (which are very unlikely to be contami
nated) and the specific conductance of coarser grained, higher 
permeability sediments. 

Subsets of the Langley data based on farther spaced sam
ples generally exhibit decreased variability of specific conduc
tance and have distributions that are similar to those at North 
and Bayside. The well samples also were vertically spaced rel
atively far apart and were collected across screen intervals gen
erally of several meters (table K1), which are long compared to 
the core-sample intervals. Thus, small-scale variations in spe
cific conductance possibly exist at the other sample locations 
but are not exhibited by samples that are farther spaced and—in 
the case of the wells—have longer collection intervals. 

Concentrations of bromide and iodide also were deter
mined for selected samples of water extracted from sediment 
cores and for some samples collected from wells (table K1). 
Bromide concentrations generally are smaller than chloride 
concentrations by approximately three orders of magnitude, and 
iodide concentrations are smaller than chloride concentrations 
by four to five orders of magnitude. The relation of the ratio of 
bromide concentration to chloride concentration (Br/Cl) to 
depth below land surface was examined (fig. K4). The bromide 
concentration of seawater is 65 mg/L according to Hem (1985), 
and the Br/Cl ratio of seawater is 0.003; most of the samples 
exhibit Br/Cl ratios that exceed that of seawater by an average 
of approximately 24 percent, although four ratios are below that 
of seawater. The iodide concentration of seawater is 0.06 mg/L 
according to Hem (1985), and the iodide-to-chloride concentra
tion ratio (I/Cl) of seawater is 3.2 x 10–6; the I/Cl ratios for the 
samples generally range from one to two orders of magnitude 
above that of seawater (table K1). 

Stable-isotope ratios, in per mil relative to Vienna Stan
dard Mean Ocean Water (Fritz and Fontes, 1980), of the hydro
gen isotope deuterium (expressed as δD) and oxygen (expressed 
as δ18O) were determined for 15 samples of water extracted 
from sediment cores and for 2 samples from wells (table K1). 
All values of both ratios are negative, indicating depletion of the 
heavy isotopes of the elements relative to the lighter isotopes. 
Hence, all the samples are isotopically lighter than modern sea
water, which has a value of zero for both ratios. The δD values 
are strongly correlated with the δ18O values, although two dis
tinct relations are apparent in the graph of the data shown in fig
ure K5: most samples indicate freshwater-seawater mixing, 
whereas several samples indicate evaporation. In addition, sam
ples with the most negative values have a relatively small spe
cific conductance, whereas less negative samples (including 
three samples of brine) have a large specific conductance. 

Isotope ratios of chlorine-36 to total chloride (36Cl/Cl) are 
shown as <1 in table K1 for 12 samples from the USGS-NASA 
Langley core (site 59E 31) because the ratios were below the 
analytical detection limit of 10–15. The 36Cl/Cl ratio of one sam

ple from a well (site 63F 52) had a low value of 12.1 x 10–15. 
The 36Cl/Cl ratio of modern seawater is below 10–15 (Phillips 
and others, 1986). The well sample also differed from the core-
water samples in being generally deeper, approximately 395.3 
m (1,297 ft) to 401.4 m (1,317 ft) compared to 45.9 m (150.5 ft) 
to 599.2 m (1,965.8 ft), and in exhibiting a greater specific con
ductance of 58,600 µS compared to 6,260 to 42,500 µS. 

Configuration of the Saltwater Transition Zone 

Initial understanding of the physical principles governing 
the nature of the transition from freshwater to saltwater in 
coastal aquifers has been widely attributed to Ghyben (1888) 
and Herzberg (1901). In a homogeneous unconfined aquifer 
under hydrostatic conditions, freshwater is separated from the 
more dense seawater by a landward-sloping interface. Subse
quent workers have expounded significantly on the original 
concept. Hubbert (1940) elaborated that with steady-state out
flow to the sea, the interface is displaced seaward. Henry (1960) 
described the transition as a dispersive mixing zone rather than 
a sharp boundary, which Pinder and Cooper (1970) further char
acterized with transient movement in a confined aquifer. 

Meisler (1989) provided a comprehensive analysis of the 
distribution of ground-water salinity and the processes control
ling it in the Atlantic Coastal Plain from New Jersey through 
North Carolina. A relatively broad transition zone between 
freshwater and saltwater was described. Large-scale salinity 
variations (both areally and with depth) were attributed to vari
ations in flow rates among different parts of the aquifer system 
and to variable sea-level fluctuations across the region. For the 
Virginia Coastal Plain, Larson (1981) described similar rela
tions between fresh and brackish ground water in the upper few 
hundred meters of sediment. 

The eastward- and downward-increasing specific conduc
tance of ground water along the western margin of the Chesa
peake Bay impact structure reflects a broad and generally land
ward-dipping transition zone between fresh ground water to the 
west and saltwater to the east (fig. K6). An inversion of part of 
the transition zone is exhibited across an interval where the ver
tical trend is reversed. The presence of relatively deep fresh
water along the inverted interval possibly is reflected by anom
alously large earth resistivities detected along the crater outer 
margin by using audio-magnetotelluric methods (Pierce, this 
volume, chap. J). The salinity inversion was described by 
Meisler (1989, p. D9) as a deep “freshwater wedge” that 
extends north of the lower Chesapeake Bay (that is, north of the 
impact structure) and east beneath the Atlantic coast; it becomes 
more broad and thick beneath the upper Chesapeake Bay, the 
Delmarva Peninsula, and the continental shelf off New Jersey, 
where it attains depths as great as 150 to 460 m (500 to 1,500 ft) 
below sea level. The salinity inversion also has been locally 
observed south of the impact structure, but apparently it does 
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not extend into the North Carolina Coastal Plain (Winner and 
Coble, 1996). 

Areally, the coincidence of elevated ground-water specific 
conductance with the western margin of the Chesapeake Bay 
impact structure (fig. K1) is consistent with the aforementioned 
descriptions of the saltwater transition zone in eastern Virginia 
as being an inland saltwater wedge. In three dimensions, the 
transition zone exhibits a convoluted configuration. Addition
ally within the broad regional trend, dispersive mixing is indi
cated by small-scale variations in specific conductance (fig. 
K3), as observed where closely spaced samples were collected 
from the USGS-NASA Langley core (site 59E 31). Similar 
variations possibly exist toward the center of the impact struc
ture, where the saltiest water may be present in isolated pockets. 
Because of the scarcity of data, however, small-scale variations 
in salinity are unknown across this area. 

Origin 

Diverse processes can potentially affect the chemical com
position of ground water in coastal aquifers. Among these, 
Jones and others (1999) listed mixing, ion exchange, diagene
sis, and oxidation-reduction reactions. Back (1966) provided a 
comprehensive analysis of the geochemistry of ground water in 
the northern Atlantic Coastal Plain to characterize controls on 
ground-water composition. On the regional scale, the chemical 
composition of ground water evolves eastward with time along 
flow paths; it initially undergoes carbonate dissolution, fol
lowed by exchange of calcium for sodium on clays, and finally 
mixing with seawater near the coast. In this study, only partial 
chemical data are available for all of the ground-water samples, 
and a complete geochemical analysis is beyond the scope of this 
chapter. As demonstrated below, however, the available data 
are useful in inferring the relative likelihood of various mecha
nisms that have been suggested to explain the elevated salinity 
of ground water in eastern Virginia. 

Sources of Salinity 

At least three hypotheses can be considered to explain the 
origin and emplacement of the inland saltwater wedge in east
ern Virginia: differential flushing, diffusion of solutes from 
basement evaporite deposits, and membrane filtration by clays. 
The hypotheses are summarized below. 

Differential flushing.—Cederstrom (1943) described the 
area of the then-unknown impact structure as a “structural 
depression” where stratigraphic dips steepen, and around which 
ground water was proposed to flow in a “differential flushing” 
manner that has left residual seawater retained in the now-
recognized crater-fill sediments. Regional inundation of the 
coastal plain by the Atlantic Ocean was thought to have initially 
saturated the sediments with seawater. A coincidence of faults 
with the saltwater wedge has been noted; Rogers and Spencer 
(1971) suggested that the faults promoted migration of seawater 

into the deepest sediments. Upon re-emergence of the coastal 
plain and resumption of recharge with meteoric water, seawater 
would have been gradually flushed from the sediments by fresh
water. 

The observed salinity distribution alone, however, pro
vides only circumstantial evidence for differential flushing. 
Chemical data that could indicate the source of the salinity and 
hydrologic information to demonstrate the behavior of the flow 
system also are needed to support more definitive conclusions. 
The resource-management implication of differential flushing 
is that, given adequate knowledge of the flow system, with
drawal amounts and locations could be configured to enhance 
movement of fresh ground water and to minimize the spread of 
saltwater. 

Diffusion of solutes from basement evaporite deposits.— 
As an alternative to the differential flushing hypothesis, Man
heim and Horn (1968) and Meisler (1989) cited upward diffu
sion of solutes from the dissolution of basement evaporite 
deposits as having produced at least some of the saltwater in the 
Atlantic Coastal Plain sediments, particularly where brines 
have been observed. Differential flushing alone can account 
only for brackish ground water. In the context of present knowl
edge, the Chesapeake Bay impact structure is seen as a possible 
conduit for evaporite solutes to produce the saltwater wedge. 
Because the source of salinity is within basement bedrock, how
ever, it remains unclear whether diffusion or advection in the 
area of the impact structure would have dominated solute trans
port under the unstressed flow conditions in which the saltwater 
wedge was formed. 

As with the differential flushing hypothesis, information to 
indicate the source of the salinity and to demonstrate the behav
ior of the flow system is needed. The resource-management 
implication of evaporite solutes as the dominant source of salin
ity depends on whether diffusion or advection is the dominant 
transport mechanism. Because diffusion is probably much 
slower than advection, the amounts and locations of withdraw
als would potentially have little effect on the distribution of 
salinity if diffusion were to remain dominant under present-day 
stressed flow conditions. 

Membrane filtration by clays.—A third potential mecha
nism to explain the saltwater wedge is salinity production from 
membrane filtration by clays. Russel (1933) first suggested that 
under pressure a reversed osmotic movement of water can be 
induced between particles of clay from areas of high salinity 
toward areas of lower salinity. Because the clay particles are 
electrically charged, they repel and impede the movement of 
dissolved ions, causing the remaining solution to become more 
concentrated with time. Bredehoeft and others (1963) hypothe
sized that the requisite large hydraulic gradients could arise in 
sedimentary basins having sufficiently uplifted margins, and 
Hanshaw and Coplen (1973) demonstrated with laboratory 
studies that the process is theoretically possible. Specifically for 
the Virginia Coastal Plain, Larson (1981) cited membrane fil
tration along with the previously described mechanisms among 



Ground-Water Salinity along the Western Margin of the Chesapeake Bay Impact Structure, Eastern Virginia K13 
various possible explanations for the presence of elevated 
ground-water salinity. Powars and Bruce (1999) theorized that 
loading, compaction, and dewatering of crater-fill sediments 
within the Chesapeake Bay impact structure could have pro
duced the saltwater wedge, presumably by membrane filtration. 

Although the above-cited studies treated membrane filtra
tion with reasoned speculation, an overview by Hanor (1983) 
indicated that its role in the production of saltwater had not been 
clearly demonstrated. Further, the feasibility of membrane fil
tration appears to be problematic in light of some observations. 
Manheim and Horn (1968) pointed out that regionally along the 
Atlantic coast, present-day hydraulic gradients are far below 
those required to achieve a significant degree of filtration. 
Within the Chesapeake Bay impact structure during the geo
logic past, hydraulic gradients likely were not appreciably 
greater than those existing at present even during basin compac
tion, because the basin margins would not have been suffi
ciently uplifted. Recently, Neuzil (2000) demonstrated that very 
low porosities of approximately 0.05 are required for apprecia
ble membrane efficiency. By contrast, preliminary estimates of 
porosities of sediment core from the Chesapeake Bay impact 
structure range from 0.21 to 0.54 (E.R. McFarland, unpub. data, 
2004). 

Chemical Evidence 

The composition of natural waters can be interpreted with 
respect to controlling chemical processes to infer the origin and 
history of the water and source(s) of its solutes. On a theoretical 
basis, either differential flushing or dissolution of evaporites 
appears to be a possible alternative mechanism for formation of 
the saltwater wedge associated with the Chesapeake Bay impact 
structure. In contrast, current information casts significant 
doubt on membrane filtration as a plausible mechanism to 
explain the saltwater wedge. Accordingly, formation of the salt
water wedge from either differential flushing or dissolution of 
evaporites was further assessed by using ground-water concen
tration ratios of bromide to chloride, stable hydrogen and oxy
gen isotopes, and chlorine-36 to total chloride. 

Ratios of the concentrations of bromide and chloride ions 
(Br/Cl) in ground water have received increasingly widespread 
application to differentiate various sources of salinity (Davis 
and others, 1998). For example, Andreasen and Fleck (1997) 
used Br/Cl ratios to identify intrusion of brackish water from 
Chesapeake Bay into the Aquia aquifer in the Maryland Coastal 
Plain. This and other studies generally have compared Br/Cl 
ratios of ground water with those that are characteristic of vari
ous sources of salinity. Modern seawater has a Br/Cl ratio of 
approximately 0.003. Bromide can be enriched relative to sea
water in organic matter and also in precipitation as a result of 
the kinetics of evaporation from the ocean surface (B.F. Jones, 
U.S. Geological Survey, oral commun., 2002). As a result of 
contributions from these sources, water near land surface (sur
face water and shallow ground water) is enriched in bromide 

and has Br/Cl ratios of 0.005 or greater. Organic matter within 
deeper coastal plain sediments can be an additional potential 
source of bromide to ground water. 

Bromide also is partitioned during precipitation of evapor
ite minerals such that the minerals are depleted in bromide and 
have Br/Cl ratios below 0.001 as a result of different solubilities 
among the various halide minerals; the remaining solution is 
proportionately enriched in bromide and has Br/Cl ratios as 
great as 0.02. Conversely, solutions resulting from the dissolu
tion of evaporite minerals are depleted in bromide and have cor
respondingly low Br/Cl ratios below 0.001. 

Most of the ground-water samples from along the western 
margin of the Chesapeake Bay impact structure have Br/Cl 
ratios above that of seawater by an average of approximately 24 
percent (fig. K4). The ratios exhibit no clear trend with areal 
location or depth, although a few samples deviate from the rest. 
Similarly, no trend of Br/Cl ratios with chloride concentration 
is apparent because chloride concentration generally increases 
with depth. 

Most of the Br/Cl ratios in figure K4 are consistent with 
the chloride having originated from seawater that was enriched 
with bromide by roughly 24 percent but are too high to be con
sistent with dissolution of evaporite minerals. Among the four 
samples having Br/Cl ratios below that of seawater, only one 
sample has a ratio value below 0.001 (fig. K4); such a low ratio 
usually indicates that the chloride originated from dissolution of 
evaporites. This sample was collected from the North core (site 
59H 3) at a shallow depth of approximately 4.3 m (14 ft) (table 
K1) beneath a graveled commuter parking lot, where most of 
the chloride probably originated from pavement de-icing salts. 

Some of the chloride in the three remaining samples hav
ing Br/Cl ratios below that of seawater also possibly originated 
partly from dissolution of small amounts of evaporite minerals 
deposited with the sediments at these particular depths; the 
chloride is probably not from basement evaporite deposits 
because of the isolated occurrence of the samples and the lack 
of known evaporites in the nearby basement. Evaporite miner
als are not expected to remain in the sediments because 
observed salinities are well below their saturation points. 
Although halite has been observed in a core from Kiptopeke, 
Virginia (Powars and Bruce, 1999), it likely was precipitated in 
the sediment after drilling as the core dried and high-salinity 
water evaporated. 

The Br/Cl ratios indicate that the observed range of 
ground-water salinity likely resulted from various mixtures of 
seawater with freshwater having much less chloride. Although 
the parent seawater possibly had a Br/Cl ratio greater than that 
of the modern ocean, enrichment of bromide relative to modern 
seawater in most of the samples also could have resulted from 
(1) decay of organic material from near-surface sources and (or) 
at depth in the sediments and (or) (2) precipitation of evaporite 
minerals as a result of evaporation of the parent seawater. Addi
tional evidence as discussed below indicates that both mecha
nisms are probable. 
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Various forms of organic matter are widespread within the 
Virginia Coastal Plain sediments and have likely contributed to 
enrichment of bromide in ground water relative to seawater. 
Organic matter, particularly nearshore marine vegetation, is 
even more enriched in iodide than in bromide relative to sea
water; the iodide concentration of seawater is 0.06 mg/L (Hem, 
1985). Iodide-to-chloride concentration ratios of the sediment-
core-water and well-water samples range approximately from 
one to two orders of magnitude greater than that of seawater 
(table K1); the I/Cl ratios reflect a much greater enrichment of 
iodide than of bromide. Thus, bromide and iodide have under
gone different degrees of enrichment in ground water that are 
consistent with their relative amounts in organic matter, which 
is probably their dominant source. 

Enrichment of bromide from organic matter possibly is 
indicated by the greatest Br/Cl ratio value of 0.0053 (fig. K4) 
from well 63F 53 on the Virginia Eastern Shore (fig. K1). This 
sample is from a relatively shallow depth in the Yorktown-
Eastover aquifer and has a correspondingly small specific con
ductance of 684 µS (table K1). By contrast, the much deeper 
well 63F 52 in the Exmore beds at the same location exhibits a 
much higher specific conductance of 59,200 µS but a lower 
Br/Cl ratio of 0.00403; the Br/Cl ratio is similar to the ratios of 
most of the other samples from various locations and spanning 
a range of depths and specific conductances. Thus, the highest 
Br/Cl value in well 63F 53 is isolated and possibly reflects local 
conditions. The Yorktown-Eastover aquifer in some parts of 
Virginia contains large amounts of organic matter as bedded 
peat. The peat beds locally are as thick as several meters but are 
generally discontinuous laterally; their proximity to well 63F 53 
is unknown. Although iodide concentrations and other informa
tion are not available to demonstrate that bromide was enriched 
in well 63F 53 from organic matter, the peat is at least one pos
sible source. 

In addition to decay of organic matter, a probable source of 
bromide enrichment in ground water along the western margin 
of the Chesapeake Bay impact structure is the precipitation of 
evaporite minerals as a result of evaporation of the seawater. 
Surface evaporation of modern seawater results first in precipi
tation of calcium carbonate (calcite and (or) aragonite) followed 
by calcium sulfate (gypsum) (Drever, 1988). Concentrations of 
both chloride and bromide in the resulting brine increase above 
that of the parent seawater, and calcium and sulfate are rela
tively depleted, but the Br/Cl ratio remains unchanged. Not 
until 90 percent of the water is removed does halite (NaCl) 
begin to precipitate; the consequent removal of chloride causes 
the Br/Cl ratio of the remaining water to increase. 

Some of the ground-water samples show evidence for 
evaporation of seawater. Deep samples from the Bayside core 
(site 60G 5–6) and from wells 61C 1 and 63F 52 (fig. K1) have 
specific conductance values that exceed that of seawater by as 
much as 35 percent (fig. K3) and thereby constitute brine. 
Because mixtures of freshwater and seawater cannot produce 
brine, its presence elsewhere in the Atlantic Coastal Plain has 

been cited (Manheim and Horn, 1968; Meisler, 1989) to indi
cate dissolution of evaporites as the source of salinity. Br/Cl 
ratios from the brine samples here, however, lie in the same 
range as ratios of the less concentrated samples (fig. K4) and 
indicate bromide enrichment rather than the bromide depletion 
that would have resulted from evaporite dissolution. An alterna
tive to evaporite dissolution is evaporation of seawater to have 
produced the brine and to have precipitated halite and thereby 
enriched bromide in the brine. The salinity required to reach 
halite precipitation, however, is roughly 30 times that of the 
most concentrated brine observed. Although such a “super 
brine” has not yet been found within the impact structure, mix
ing with less concentrated water (originating as freshwater and 
(or) seawater) following the initial formation of the brine would 
likely have diluted it back down to observed salinities. 

The mechanism of evaporation of seawater whereby the 
resulting brine would enter the ground-water system has not yet 
been clearly demonstrated. In some present-day arid regions, 
ground water is closely associated with seawater evaporating 
from restricted coastal supratidal sabkha environments (Drever, 
1988). Whether such conditions have ever existed in the area of 
the Chesapeake Bay impact structure, however, is unknown. 
Alternatively, evaporation associated with the impact event 35 
million years ago has been demonstrated to be theoretically pos
sible, as a result of hydrothermal activity associated with the 
dissipation of residual heat retained in the sediments following 
the impact (Sanford, 2003). Although very rapid vaporization 
of seawater from the intense heat of the blast seems likely, heat-
conduction calculations indicate that maximum temperatures 
greater than 400°C in the crater-fill sediments would have not 
been reached until 10,000 years after the impact and that asso
ciated brine generation would have likely continued for another 
million years. 

In addition to Br/Cl ratios, stable-isotope ratios of hydro
gen and oxygen have been applied toward understanding 
diverse origins and histories of ground water (Coplen, 1993), 
and they provide additional insight on the formation of the salt
water wedge associated with the Chesapeake Bay impact struc
ture. Relations between δD and δ18O values of sediment-core 
water and well water from along the western margin of the 
impact structure (fig. K5) indicate that mixing of freshwater and 
seawater and possibly evaporation of seawater have taken 
place. Most of the samples follow a relatively steep trend line 
that is between the local and global meteoric water lines, which 
reflect the fractionation of the isotopes between atmospheric 
moisture and precipitation. Because fresh ground water origi
nates as isotopically light precipitation, the trend for most sam
ples represents various mixtures of freshwater (having the most 
negative δD and δ18O values) with isotopically heavier sea
water (less negative values). Mixing is also reflected by specific 
conductance increasing in the direction of less negative values. 

In addition, a few of the deepest samples from the Bayside 
core (site 60G 5–6) having specific conductance values near 
and above that of seawater appear to deviate from the others and 
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possibly follow a second, less steep trend that is characteristic 
of water having undergone evaporation. Additional samples are 
needed from elsewhere within the impact structure, particularly 
near the center of the crater where the greatest salinities are 
expected, to determine whether stable-isotope ratios show any 
further indication of evaporation. 

In addition to Br/Cl and stable-isotope ratios, the ratios of 
chlorine-36 to total chloride (36Cl/Cl) have been applied to dif
ferentiate various sources of ground-water salinity and to esti
mate ground-water age where the chloride is of primarily mete
oric origin (Phillips and others, 1986). For example, Purdy and 
others (1996) used ground-water 36Cl/Cl ratios from the Aquia 
aquifer in the Maryland Coastal Plain to determine ground
water ages as great as 100,000 years. Importantly, concentra
tions of total chloride in the Aquia aquifer in Maryland are only 
a few milligrams per liter, and most of the chloride is of mete
oric origin. Although significant amounts of cosmogenic 36Cl 
are produced in the atmosphere, seawater represents a very 
large reservoir of much older chloride in which most of the 36Cl 
has decayed and cannot be used to estimate age. 

Thirteen samples of ground water from the Chesapeake 
Bay impact structure were analyzed for 36Cl/Cl ratios. Twelve 
of the samples are from the USGS-NASA Langley core (site 
59E 3, fig. K1); for all twelve Langley samples, the 36Cl/Cl 
ratios are below the analytical detection limit of 10–15, and they 
are consistent with earlier results in indicating that most of the 
chloride originated from seawater. 

Only the remaining sample from well 63F 52 in the 
Exmore beds on the Virginia Eastern Shore (in the central cra
ter, fig. K1) has a 36Cl/Cl ratio above the detection limit; its 
value is 12.1 x 10–15 (table K1). The high concentration of total 
chloride (23,000 mg/L) in well 63F 52 indicates that the chlo
ride is probably of seawater rather than meteoric origin and is 
not the source of the 36Cl. More likely, ground water in well 
63F 52 is old enough for secondary 36Cl to have accumulated in 
the subsurface as a result of decay of solid-phase uranium in the 
sediments. 

Formation of the Inland Saltwater Wedge 

Values of Br/Cl ratios, δD, δ18O, and 36Cl/Cl ratios for 
ground-water samples indicate that seawater was the source of 
salinity along the western margin of the Chesapeake Bay impact 
structure and that evaporation of seawater produced the 
observed brine. The seawater and brine have mixed with fresh
water to produce the observed range of ground-water salinities. 
Thus, the results of this study support Cederstrom’s (1943) orig
inal hypothesis that the saltwater wedge resulted from differen
tial flushing of residual seawater. 

Seawater has been emplaced throughout the Atlantic 
Coastal Plain sediments during regional inundations by the 
Atlantic Ocean. Large parts of the Virginia Coastal Plain were 
repeatedly inundated during the Tertiary Period between 2 mil

lion and 65 million years ago, as recorded by sediments of that 
age. The most recent marine deposits are of Pliocene age and 
formed approximately 2 million to 4 million years ago. Region
ally extensive younger sediments are largely of fluvial origin. 
Although several additional inundations took place as recently 
as 115,000 years ago during interglacial periods of the Pleis
tocene Epoch, sea levels then were higher by at most 6 m (20 ft) 
because the climate was not significantly warmer than today’s 
climate (Bradley, 1999); only areas near the Chesapeake Bay 
impact structure were inundated. 

In addition to geological evidence, hydrologic information 
suggests a relatively old age for seawater still present in the 
crater-fill sediments. The youngest ground water in the Virginia 
Coastal Plain is in the fresh-to-brackish zone outside of the cra
ter and has ages as great as 40,000 years determined from car
bon-14 analyses (D.L. Nelms, U.S. Geological Survey, oral 
commun., 2001). Within the crater, ground-water δD and δ18O 
values are uniformly negative (fig. K5), indicating that the 
hydrogen and oxygen isotopic composition of the original sea
water is lighter than that of modern seawater. By contrast, sea
water of the most recent geologic past during the Pleistocene 
Epoch was generally heavier than modern seawater because of 
the cooler climate. Thus, the original seawater likely predates 
the Pleistocene and has been buried since at least the last 
regional inundation of 2 million to 4 million years ago, when the 
climate was warmer than present. Further evidence indicates 
that potentially much older seawater from previous inundations 
could be present. The 36Cl/Cl ratio of 12.1 x 10–15 in well 
63F 52 (table K1) is based on 36Cl that probably was produced 
by decay of solid-phase uranium in the sediments, which could 
take several million years or more depending on their uranium 
content. In addition, calculated estimates of solute advection 
and diffusion rates indicate that at least some seawater, along 
with hydrothermally produced brine, likely remains in the crater 
fill from the time of the impact (Sanford, 2003). 

Areal ground-water recharge resumed following emer
gence of the Atlantic Coastal Plain from the last regional inun
dation during the Pliocene Epoch. The consequent flow of fresh 
ground water since then has to varying degrees flushed residual 
seawater from the coastal plain sediments, thereby affecting the 
position and configuration of the saltwater transition zone. At 
the extreme during the last Pleistocene glacial maximum of 
18,000 years ago, sea levels were as far as 120 m (390 ft) lower 
than present (Bradley, 1999), and the Atlantic shore was located 
several tens of kilometers eastward of its present position. 
Freshwater flushing extended nearly to the edge of the conti
nental shelf and was vigorously driven by fresh ground-water 
heads that were high relative to the low sea level. Warming 
since then has resulted in sea level rising to its present location. 

The manner in which differential flushing of the residual 
seawater has taken place across the Chesapeake Bay impact 
structure can be inferred from the relation of the saltwater tran
sition zone to the configuration of various geologic units along 
the western margin of the impact structure (fig. K6). Specifi
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cally, the vertical salinity inversion along the crater outer mar
gin coincides with the interval occupied by the Chickahominy 
Formation and underlying crater-fill sediments (crater unit B 
and Exmore beds as described by Gohn and others, this volume, 
chap. C). Preexisting sediments were highly disrupted by the 
impact and were chaotically mixed and deposited under very 
high energy conditions immediately following the impact in a 
large crater that was formed by the blast. Among these, crater 
unit B consists of clast-supported boulder-sized and larger 
blocks of preexisting formations that were violently rolled, 
swept, or hurled into the crater. The overlying and thinner 
Exmore beds consist of matrix-supported cobbles and smaller 
fragments floating in densely packed and poorly sorted sand 
that was washed in by tsunamis to further fill the crater. Lastly, 
the Chickahominy Formation consists of very fine grained clay 
that was deposited under low-energy conditions in a deep 
marine basin left by the impact; it is preserved only in the imme
diate vicinity of the crater. Undisrupted preimpact sediments 
outside of the crater are truncated against these units along the 
crater outer margin, and postimpact sediments overlie all earlier 
units. A complex array of faults is theorized to influence the 
configuration of the margin between preimpact and crater-fill 
sediments and to also propagate upward through postimpact 
sediments and laterally into preimpact sediments across an 
outer fracture zone (Johnson and others, 1998). 

The configuration of the saltwater transition zone (fig. K6) 
indicates that differential flushing has taken place in a complex 
three-dimensional fashion across the western margin of the 
Chesapeake Bay impact structure. The salinity inversion along 
the crater outer margin indicates that flushing of saltwater has 
been impeded across the clayey Chickahominy Formation, 
beneath which greater flushing has taken place through the 
more sandy crater fill. The lithologic compositions of these 
units suggest that permeabilities and ground-water flow rates 
could be directly related to their contrasting degrees of flushing. 
Coincidentally, sediments that comprise the Chickahominy 
Formation as currently recognized appear to have been repre
sented in the RASA ground-water flow model as part of the 
Nanjemoy-Marlboro confining unit (Harsh and Laczniak, 1990; 
see fig. K2 of this chapter). As a necessary feature to success
fully calibrate the model, the distribution of vertical-leakance 
values assigned to the Nanjemoy-Marlboro confining unit 
decreases abruptly approximately across the now-known crater 
outer margin. Hence, the hydraulic effect of the impact structure 
had apparently been manifest in this analysis even though the 
investigators were unaware of its presence. Preliminary analy
ses since undertaken in developing a revised model of the Vir
ginia Coastal Plain demonstrate explicitly the likelihood that 
differential flushing across the impact structure formed the salt
water wedge (Heywood, 2003). 

The differential flushing exhibited along the crater outer 
margin does not appear to persist across the entire impact struc
ture. Farther into the impact structure, the specific conductance 
of ground water increases abruptly to that of seawater (45,000 

µS) and greater at depth (fig. K6). In addition, no large salinity 
inversion is apparent, and the saltwater transition zone assumes 
a nearly vertical orientation across most of the sediments. 
Apparently little or no flushing of saltwater has taken place 
through sediments across the inner part of the impact structure. 
Possibly lesser permeabilities in the crater fill toward the center 
of the impact structure and (or) the greater density of the salt
water create a barrier to flow. Estimates of solute advection and 
diffusion rates (Sanford, 2003) indicate that saltwater in the 
deepest part of the impact structure at its center likely has 
undergone essentially no flushing since being emplaced at the 
time of the impact. 

For differential flushing to provide a complete explana
tion, the means by which ground water is discharged from the 
flow system must be identified. Across the eastward down-
gradient part of the Virginia Coastal Plain, upward leakage and 
discharge to Chesapeake Bay, its major tributaries, and the 
Atlantic Ocean are the primary means by which water exits the 
flow system (fig. K2) (Harsh and Laczniak, 1990). The config
uration of the saltwater transition zone across the crater outer 
margin, however, indicates that little or no upward leakage and 
associated flushing have taken place from the crater fill through 
the overlying Chickahominy Formation (fig. K6). Neither does 
ground water that flushed differentially along the outer margin 
appear to continue across the impact structure toward the ocean. 
The only other apparent exit is by lateral flow around the outer 
margin, followed by upward leakage and surface discharge to 
areas outside of the crater where the Chickahominy Formation 
is not present (fig. K7). 

The complex array of faults theorized to span the margin 
of the Chesapeake Bay impact structure likely exerts some con
trol on differential flushing, although in what manner is largely 
unknown. Given the unconsolidated nature of the sediments, 
most faults would likely not exist as open fractures along which 
enhanced flow could take place. Permeability within the sedi
ments could potentially be either increased or decreased along 
faulted intervals, depending on how the sediments had been 
altered at the intergranular scale. At a minimum, some faults 
probably juxtapose adjacent aquifers and confining units that 
would otherwise have continuous extents. Effects of faulting on 
fluid migration in evolving sedimentary basins can potentially 
be highly variable both spatially and temporally (Stover and 
others, 2001), depending on specific relations among faults, the 
strata they penetrate, and the distribution of fluid pressure. 
These relations within the impact structure have likely changed 
since the time of the impact, as the structure has evolved with 
ongoing sediment deposition, subsidence, and fault propaga
tion. In addition to effects on lateral flow around the crater outer 
margin, faults across the outer fracture zone could potentially 
facilitate ground-water discharge by enhancing upward leakage 
in areas outside of the crater. 

Lateral flow and flushing possibly have taken place pref
erentially toward the north side of the impact structure rather 
than toward the south, as indicated by the area of elevated spe
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cific conductance, which is shifted southward several kilome
ters relative to the position of the crater (fig. K1). Several con
trols on ground-water flow possibly have acted in combination 
to cause preferential northward flow. First, recharge during the 
Pleistocene Epoch possibly was enhanced across the northern 
part of the Atlantic Coastal Plain as a result of a large amount of 
infiltration associated with glacial outwash and a strong sea
ward gradient from the elevated and nearby Fall Line. Second, 
depth of basement and sediment thickness markedly increase 
northward from the impact structure into the Salisbury embay
ment (fig. K7), possibly providing the most transmissive path 
for lateral flow around the impact structure. The salinity inver
sion along the crater outer margin broadens, thickens, and deep
ens northeastward beneath Chesapeake Bay, the Delmarva Pen
insula, and the continental shelf off New Jersey and is a relict 
feature of vigorous Pleistocene flushing (Meisler, 1989). 

In contrast to flow north of the impact structure, southward 
lateral flow along the crater outer margin could be relatively 
constrained. Climate was warm enough even during the Pleis
tocene Epoch that glacial outwash was not present to provide an 
enhanced source of infiltration. The Fall Line is also farther 
inland and at a lower elevation, thereby reducing the seaward 
gradient. In addition, the basement is increasingly shallow 
across the Norfolk arch and into North Carolina (fig. K7), and 
so sediment thicknesses and transmissivities are less. Hydraulic 
continuity of the sediments also could be interrupted to the 
south across a zone roughly aligned with the James River 
(Powars, 2000), along which numerous stratigraphic disconti
nuities have been discerned. The salinity inversion along the 
crater outer margin does not appear to continue as far south as 
North Carolina (Winner and Coble, 1996), possibly as a result 
of constraints on lateral flow and flushing. 

Flushing by fresh ground water of residual seawater from 
coastal plain sediments has continued to the present, from its 
onset during the emergence of the coastal plain at the end of the 
Pliocene Epoch, through its peak with the lowest sea level dur
ing the last Pleistocene glacial maximum of 18,000 years ago. 
The climate has warmed since then, sea level has risen to its 
present position, and seawater has re-inundated the continental 
shelf as well as the Pleistocene-age valley of the Susquehanna 
River, thereby forming Chesapeake Bay. Consequently, the 
saltwater transition zone has migrated landward during the past 
18,000 years, and flushing at present is less vigorous than at its 
maximum. 

With the rise in sea level to its present position, seawater 
has begun to reenter sediments underlying the re-inundated 
continental shelf and Chesapeake Bay, but at a rate slower than 
sea-level rise because the seawater advance has been relatively 
rapid compared to ground-water flow rates. As a result, the 
Atlantic Ocean and Chesapeake Bay have ridden over a volume 
of freshwater now stalled beneath saltier shallow ground water, 
thereby producing the salinity inversion that extends from the 
continental shelf off New Jersey southwestward beneath the 
Delmarva Peninsula and Chesapeake Bay and along the western 

margin of the Chesapeake Bay impact structure. Hence, the 
configuration of the saltwater transition zone represents an 
unstable transient condition in which the overriding seawater is 
not in equilibrium hydrodynamically with underlying fresh 
ground water. Solute-transport modeling of inundation of thick, 
relatively low-permeability sediments demonstrates how rapid 
inundation can produce a poorly mixed saltwater transition 
zone overlying a freshwater zone (Kooi and others, 2000). Sea 
level would have to maintain its present position for some 
period for the saltwater transition zone to attain a stable equilib
rium configuration. Alternatively, should the climate continue 
to warm and sea level to rise, seawater will inundate additional 
areas and ride over and stall a greater volume of fresh ground 
water, thereby further propagating the salinity inversion. 

Resource-Management Implications 

Ground-water withdrawals in the Virginia Coastal Plain 
have increased during the past century to roughly 150 million 
gallons per day. A major part of this withdrawal has historically 
occurred at industrial pumping centers located outside of the 
Chesapeake Bay impact structure. Regional cones of depression 
centered on the industrial withdrawals exhibit water-level 
declines as great as 60 m (200 ft) and presently dominate the 
head distribution across the entire Virginia Coastal Plain (Ham
mond and others, 1994a,b,c). As a result, hydraulic gradients 
have been greatly increased and flow has been largely redi
rected landward from the saltwater wedge associated with the 
impact structure. The industrial withdrawals have been main
tained at relatively stable rates for several decades. In addition, 
withdrawals for public supplies have been increasing in rapidly 
growing metropolitan areas positioned along the western mar
gin of the impact structure and underlain by the saltwater tran
sition zone. Desalinization of brackish ground water is being 
actively developed in these areas as a means to address growing 
water demands expected during the coming several decades. 

Regional Saltwater Intrusion 

The present withdrawal-induced head distribution has 
imposed a potential for saltwater intrusion across most of the 
Virginia Coastal Plain during much of the past century. The 
saltwater wedge, however, was recognized even earlier and 
prior to the onset of large ground-water withdrawals (Sanford, 
1913). Thus, the saltwater wedge cannot be attributed to with
drawal-induced intrusion and must have formed under earlier, 
largely unstressed conditions. Conversely, intrusion in the form 
of landward expansion of the saltwater wedge across regional 
distances has not occurred (Smith, 1999) despite several 
decades of heavy pumping. 

Diverse geologic and hydrologic evidence indicates that 
the saltwater wedge originated from seawater that was 
emplaced throughout the Virginia Coastal Plain sediments dur



Ground-Water Salinity along the Western Margin of the Chesapeake Bay Impact Structure, Eastern Virginia K19 
ing regional inundation as recently as approximately 2 million 
years ago, along with much older seawater and evaporative 
brine within the Chesapeake Bay impact structure that was 
emplaced potentially as far back as the impact event 35 million 
years ago. With emergence of the coastal plain and resumption 
of ground-water recharge during the past 2 million years, resid
ual seawater has been displaced by varying degrees by fresh
water flushing, which at its most vigorous extended nearly to 
the edge of the continental shelf during the Pleistocene glacial 
maximum of 18,000 years ago. Because the saltwater wedge is 
still present today, it must have persisted during this maximum 
emergence even while some adjacent areas were being so vig
orously flushed as to emplace freshwater far beyond the impact 
structure across most of the continental shelf. Preliminary sim
ulation analyses demonstrate that saltwater within the impact 
structure maintained its present position during the Pleistocene 
emergence even as freshwater was being emplaced on all sides 
(Heywood, 2003). Since then, sea level has risen to its present 
position and the residual seawater has merged with the modern 
ocean. 

Insufficient time has elapsed from the onset of heavy 
pumping to achieve the degree of regional flow under present 
gradients needed for significant landward expansion of the salt
water wedge. Despite greatly increased gradients and altered 
flow directions, the actual movement of ground water under 
stressed conditions has been relatively little throughout the Vir
ginia Coastal Plain. Ground-water ages range from tens of thou
sands of years across much of the area outside of the Chesa
peake Bay impact structure to several millions of years or more 
within the impact structure, and most of the ground water now 
present was emplaced prior to large withdrawals. Because of the 
preponderance of storative fine-grained sediments, much of the 
water withdrawn during the past century has apparently been 
derived from the release of old water from storage and not from 
flow across regional distances to pumping wells. As a result, 
ground-water salinity remains fundamentally as it was distrib
uted under unstressed conditions. 

The amount of time needed to induce sufficient flow in 
response to present gradients to cause landward expansion of 
the saltwater wedge across regional distances is unknown. 
Some details of the future behavior of the flow system under 
stressed conditions, however, could impose important controls. 
Conceivably, a threshold in terms of the duration and (or) mag
nitude of withdrawal could be reached beyond which removal 
from storage no longer provides most of the withdrawn water, 
and regional flow under present gradients becomes dominant. 
In addition, the hydraulic sluggishness of the Chesapeake Bay 
impact structure that enabled the saltwater wedge to persist dur
ing Pleistocene emergence could be expected to likewise lead to 
a lack of response to strong landward gradients. Predictive 
numerical simulation of regional flow and solute transport is 
one means to assess if and how the saltwater wedge could 
expand significantly landward in response to present and (or) 
projected pumping stresses, but it is beyond the scope of this 

chapter. Because the saltwater wedge has apparently main
tained its present extent for millennia, our subjective judgment 
is that landward expansion across regional distances even under 
withdrawal-induced gradients could require a very long time-
frame by human standards. 

Saltwater Movement along the Western Margin 

Although the saltwater wedge has not expanded regionally 
in response to large industrial withdrawals located outside of 
the Chesapeake Bay impact structure, relatively small changes 
in ground-water salinity have occurred along the western mar
gin of the impact structure in association with co-located 
municipal withdrawals (Smith, 1999), some of which are of 
brackish ground water. The saltwater transition zone is posi
tioned along the western margin of the impact structure and 
exhibits a convoluted configuration resulting from a large salin
ity inversion formed by complex differential flushing across 
and around crater-fill sediments (figs. K6 and K7). Additionally 
at the meter scale, the salinity distribution across the western 
margin exhibits a large degree of spatial variability (fig. K3). 
Although some large-scale controls on prepumping differential 
flushing along the western margin are apparent, such as the dis
tribution of contrasting sediment lithologies, many small-scale 
hydrogeologic details, such as possible effects of faults, remain 
unknown. 

In addition to hydrogeologic controls on the salinity distri
bution that have existed since unstressed conditions, localized 
effects now imposed by withdrawals located along the western 
margin are likewise unknown but possibly are even more com
plex. Many of these primarily municipal withdrawals have his
torically been episodic, ranging in duration from several months 
to several years to supplement surface-water supplies during 
prolonged drought, and have been interrupted by extended peri
ods of no withdrawal (Focazio and Speiran, 1993). Manifold 
hydraulic interactions are likely among closely spaced wells 
operated by different municipalities and having diverse pump
ing histories. Within the coming decade, municipal withdrawal 
and desalinization of brackish ground water along the western 
margin are expected to increase significantly in response to 
population growth; municipal withdrawals may become as 
large as the industrial withdrawals located far inland from the 
western margin. 

Unlike regional landward expansion of the saltwater 
wedge, localized saltwater movement along the western margin 
is possible within a relatively short timeframe. Withdrawals are 
increasing from wells placed directly within the saltwater tran
sition zone where the salinity distribution is locally highly vari
able. At this scale, solute transport paths and traveltimes are rel
atively short. Were ground water within several tens of meters 
of a particular well to have a different salinity than that in which 
the well is first constructed, the salinity of the withdrawn water 
could potentially change within a period of several years after 



K20 Studies of the Chesapeake Bay Impact Structure—The USGS-NASA Langley Corehole, Hampton, Va. 
the onset of pumping. Under these conditions, saltwater move
ment could take place not only laterally through an aquifer but 
also vertically between aquifers (Smith, 1999). 

The potential for localized withdrawal-induced redistribu
tion of salinity within the saltwater transition zone poses a chal
lenge to planning for increasing ground-water withdrawal by 
municipalities located along the western margin. Desalinization 
of brackish ground water is being increasingly relied on as a 
means to provide for the rapidly growing water demand. Future 
localized changes in the ground-water salinity distribution, 
however, could be difficult to assess. Similar to assessing 
regional landward expansion of the saltwater wedge, predictive 
numerical simulation of localized flow and solute transport 
along the western margin is one means to assess if and how 
salinity changes could occur in response to present and pro
jected pumping from within the saltwater transition zone. His
torically, these withdrawals have been difficult to project for the 
complex array of various municipal well systems that operate 
with a high degree of temporal and spatial variability and in 
response to unpredictable climate-driven demands (Focazio and 
Speiran, 1993). Significant uncertainty associated with a sim
plified simulation of solute transport across part of the western 
margin (Smith, 1999) resulted from limited information on 
withdrawal histories, as well as local-scale details of the config
uration and hydraulic properties of aquifers and confining units, 
and on the spatial distribution and temporal changes in ground
water salinity. 

Because hydrogeologic controls and withdrawal-induced 
effects within the saltwater transition zone are complex, a 
detailed local-scale characterization of hydrologic conditions 
will be critical to support any meaningful future assessment of 
the potential for saltwater movement along the western margin. 
Adequate spatial delineation of aquifer and confining-unit con
figurations and hydraulic properties, and of the distribution and 
changes in salinity, will require very densely arrayed data on 
sediment stratigraphy and structure (including the effects of 
faults) and ground-water levels, large-magnitude aquifer pump
ing tests, and long-term ground-water quality monitoring. Sim
ilarly, detailed histories of ground-water withdrawal will be 
needed. If ground water becomes a major component of the 
total water supply along the western margin, then future with
drawals could be more consistent and less episodic than past 
usage and, thus, easier to model. 

Summary and Conclusions 

The Chesapeake Bay impact structure in eastern Virginia 
is encompassed by a regionally extensive and heavily used 
aquifer system. Large and increasing withdrawals have resulted 
in significant and continuing water-level declines and have 
altered ground-water flow directions to create the potential for 
saltwater intrusion. The discovery of the impact structure 

requires changes to previous conceptualizations of the aquifer 
system as having a relatively simple layered configuration. To 
provide a basis for ground-water management decisions, the 
USGS and VDEQ are revising the hydrogeologic framework 
and an associated ground-water flow model of the entire Vir
ginia Coastal Plain. 

The impact structure has been inferred to play a role in 
controlling the salinity distribution in eastern Virginia. For this 
study, chemical analyses were performed on samples of ground 
water extracted from three sediment cores and collected from 
wells along the western margin of the impact structure. Increas
ing specific conductance values and increasing concentrations 
of chloride with depth reflect a broad but generally landward-
dipping transition zone across the western margin that separates 
fresh ground water to the west from saltwater to the east. Areal 
coincidence of the transition zone with the western margin of 
the impact structure is consistent with earlier descriptions of the 
transition zone in eastern Virginia as comprising an inland salt
water wedge. Dispersive mixing is exhibited by small-scale 
variations in specific conductance where closely spaced sam
ples were collected. 

Ratios of bromide to chloride, iodide to chloride, and chlo
rine-36 to total chloride and stable hydrogen and oxygen iso
tope ratios indicate mixing of freshwater and seawater and sup
port differential flushing of residual seawater among various 
competing hypotheses to explain the presence of the inland salt
water wedge. In addition, evaporation of seawater probably 
produced some ground water having specific conductance val
ues that exceed that of seawater by as much as 35 percent; the 
mechanisms may have been (1) evaporation in restricted coastal 
environments under arid conditions, (2) rapid vaporization 
caused by the impact event, and (or) (3) evaporation caused by 
residual heat and associated hydrothermal activity following the 
impact. 

The saltwater wedge originated from seawater emplaced 
throughout the Virginia Coastal Plain sediments during a 
regional inundation as recently as approximately 2 million 
years ago and from much older seawater and evaporative brine 
within the impact structure that were emplaced potentially as far 
back as the impact event 35 million years ago. With emergence 
of the coastal plain and resumption of ground-water recharge 
during the past 2 million years, residual seawater has been dis
placed to varying degrees by freshwater flushing. 

Freshwater flushing across the crater outer margin was 
impeded by the clayey Chickahominy Formation, beneath 
which greater flushing took place through crater-fill sediments, 
and little or no flushing took place farther into the impact struc
ture. As a result, water exited the flow system by lateral flow 
and flushing around the outer margin, followed by upward leak
age and surface discharge to areas outside of the crater and pos
sibly enhanced by faults. Within the impact structure, the salt
water wedge maintained its present position even during the 
Pleistocene glacial maximum of 18,000 years ago, while the 
most vigorous flushing outside of the impact structure extended 
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nearly to the edge of the continental shelf. Since then, sea level 
has risen to its present position and the residual seawater has 
merged with the modern ocean along an inverted and hydro
dynamically unstable transition zone. 

A potential for saltwater intrusion across most of the Vir
ginia Coastal Plain has been imposed during much of the past 
century by regional cones of depression centered on industrial 
pumping centers located outside of the Chesapeake Bay impact 
structure. The saltwater wedge predates the onset of heavy 
pumping, however, and has not since expanded across regional 
distances because most of the ground water now present was 
emplaced prior to large withdrawals. Predictive numerical sim
ulation could be undertaken to assess whether a potentially very 
long timeframe could be required for regional expansion of the 
saltwater wedge. 

Localized saltwater movement along the western margin 
of the impact structure could take place as a result of increasing 
withdrawals being made directly from the saltwater transition 
zone. Assessment of the potential for saltwater movement along 
the western margin represents significant technical challenges 
because of complex hydrogeologic controls and withdrawal-
induced effects within the transition zone. Predictive simulation 
would require a detailed local-scale characterization of aquifer 
and confining-unit configurations and hydraulic properties, the 
distribution and changes in salinity, and withdrawal histories. 
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Table K1. Chemical Data for Sediment-Core 
Water and Well Water along the Western 
Margin of the Chesapeake Bay Impact 
Structure in Eastern Virginia 

Table K1 contains data on ground water extracted during 2000–2001 from 
sediment cores obtained along the western margin of the Chesapeake Bay 
impact structure and on ground water collected during 1967–2002 from existing 
water wells in adjacent areas (fig. K1). All three core sites (site numbers 59E 31 
(USGS-NASA Langley), 59H 3 (North), and 60G 5–6 (Bayside)) are within the 
crater’s outer margin. Seventeen wells are near the crater’s outer margin, and 
most of them are outside it. Two wells (63F 52–53) are within the central crater 
and are closer to the center of the impact structure than any of the other sites. 
Although well-sample collection times span 35 years, the well data generally 
represent current conditions. 

Sampling and analytical techniques are described in the section on “Methods.” 
Selected samples of sediment-core water were analyzed as follows: 

•	 Concentrations of chloride, bromide, and iodide were determined by
  colorimetry by Glenda Brown and Ted Struzeski of the USGS National
  Water-Quality Laboratory (NWQL) 

•	 Stable-isotope ratios, in per mil relative to Vienna Standard Mean Ocean
  Water (Fritz and Fontes, 1980), of the hydrogen isotope deuterium
 (expressed as δD) and oxygen (expressed as δ18O) were determined by mass
  spectrometry by Tyler Coplen of the USGS Isotope Research Laboratory 

•	 Isotope ratios of chlorine-36 to total chloride (36Cl/Cl) were determined by
  accelerator mass spectrometry by David Elmore of the Purdue Rare
  Isotope Measurement Laboratory (PRIME Lab) 

Existing ground-water quality data collected from water wells during 1967–2002 
were retrieved from the USGS water-quality database (http://waterdata.usgs. 
gov/va/nwis/qw). 

(http://waterdata.usgs
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K28 Studies of the Chesapeake Bay Impact Structure—The USGS-NASA Langley Corehole, Hampton, Va. 
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Ground-Water Salinity along the Western Margin of the Chesapeake Bay Impact Structure, Eastern Virginia K29 
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K30 Studies of the Chesapeake Bay Impact Structure—The USGS-NASA Langley Corehole, Hampton, Va. 
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Ground-Water Salinity along the Western Margin of the Chesapeake Bay Impact Structure, Eastern Virginia K31 
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